It is considered that these phase transitions may have profound effects on sperm survival and physiology, both during normal fertilization processes and in response to cryostorage.
Introduction
Recent progress in membrane biology has demonstrated that dramatic alterations in the organization of membrane lipids can be induced as a result of temperature-related phase transitions from the gel to the liquid-crystalline state and vice versa. Such transitions are also associated with changes in membrane permeability and the induction of membrane fusion.
The mammalian sperm plasma membrane represents the functional interface between the cell cytoplasm and the diversity of environments encountered between spermatogenesis and eventual fusion with the egg. There is therefore a strong likelihood that the occurrence of thermal and isothermal phase transitions in this membrane could be physiologically important during sperm maturation in the epididymis, storage in the slightly cooler cauda epididymidis before ejaculation, and the fertilization process itself. Non-physiological thermal phase transitions might also be implicated as contributory factors in the loss of sperm viability associated with cold-shock and cryopreservation procedures for semen of animals of most species.
The occurrence of lipid phase-transition events in ram sperm plasma membranes has been demonstrated by Holt & North (1984) , using freeze-fracture electron microscopy; during that study, however, we were unable to study the response of sperm membranes over a series of temperatures and showed only that phase transitions had occurred once the cells had been cooled to 5°C. The aim of the present investigation was therefore to supplement the previous work by examining the response of ram sperm plasma membranes over a continuous sequence of tempera¬ tures. For this purpose we have used two independent assessments of phase-transition behaviour in isolated plasma membrane fractions.
A number of intramembranous enzymes, such as 5'-nucleotidase and alkaline phosphatase of the rat hepatocyte plasma membrane (Livingstone & Schachter, 1980) , exhibit kinetic differences associated with lipid phase transitions. In this study the sperm plasma membrane Ca2+-Mg2 + ATPase (EC 3.6.1.3) was investigated to see whether similar behaviour could be detected, previous studies by Bradley & Forrester (1980) having already established that this is an integral membrane protein.
Since the possibility exists that temperature-related changes in enzyme activity might be unrelated to alterations in membrane lipid organization, two other means of affecting the lipid environment were examined. The effect of phospholipase A2 upon subsequent membrane ATPase activity was examined, since the consequent release of fatty acids and lysolecithin would probably disrupt membrane structure. Conversely, the possibility that membranes could be loaded with cholesterol, thereby changing the phase transition behaviour, was studied by monitoring membrane ATPase activity in the presence of cholesterol-rich liposomes.
Steady state fluorescence polarization measurements of the lipophilic probe 1,6-diphenyl-1,3,5-hexatriene (DPH) were also used to detect membrane-lipid phase transitions. This technique has been extensively documented (for review, see Shinitzky & Barenholz, 1978) , and provides a sensitive means of detecting organizational changes within the membrane.
Materials and Methods
Preparation ofsperm plasma membranes. The semen samples used in this study were obtained from Finnish-Landrace rams by the use of an artificial vagina. The samples were washed through ficoll columns (Harrison, 1976) to remove seminal plasma and most of the cytoplasmic droplets, then used for the preparation of a plasma membrane fraction as described previously (Holt & North, 1985) . This fraction, produced by discontinuous gradient centrifugation, contains >90% plasma membrane, with about 7-10% contamination by acrosomal outer membrane. The topographical source of the plasma membrane has not been determined.
The membranes were stored at -20°C until required; for the ATPase investigations they were then used without further treatment. Preliminary experiments showed that the frozen storage had no effect upon the behaviour of the ATPases studied subsequently.
The membrane fractions used for fluorescence polarization studies were washed and resuspended in distilled water, whilst those to be incubated with phospholipase A2 were washed and resuspended in Tris-HCl buffer, pH 8-4. The final protein concentrations were determined using a modification of the Lowry procedure (microprotein determination kit; Sigma (London), Poole, Dorset, U.K.) .
Determination of ATPase activity. ATPase activity was monitored by incubating 0-2 ml of the membrane fraction (25-50 µg membrane protein), together with 1 ml 2 mM-adenosine triphosphate in 50 mM-Tris-HCl buffer, pH 7-4. Estimates of ATPase activity at different temperatures were performed in the presence of 5mM-calcium chloride; the use of other ions is described as appropriate. After incubation at the required temperature for 10 min, the reaction was stopped by the addition of 0-8 ml cold (4°C) trichloroacetic acid. The amount of phosphate released during the incubation was then assayed by a modification of the Fiske & SubbaRow (1925) Preparation ofliposomes. Liposomes containing cholesterol (Sigma, chromatography standard) and phosphatidylcholine (PC) (dipalmitoyl-PC, distearyoyl-PC, dioleoyl-PC; Sigma) were pre¬ pared by resuspending vacuum-desiccated films of these lipids (molar ratio, 1:1) in 20 ml distilled water at 40°C. The suspensions were sonicated for 12 min, then centrifuged at 50 000 g for 15 min to remove undispersed lipids.
To confirm the multilamellar nature of the liposomes formed by this technique, samples were negatively stained with sodium phosphotungstate and examined by electron microscopy. The cholesterol :phospholipid ratios of various liposome preparations were also checked to ensure that a molar ratio of about 1:1 had been achieved. For this purpose, equal volumes of liposome disper¬ sions were dried into paired glass tubes. The cholesterol in one tube was estimated by a ferric chloride technique (Rudel & Morris, 1973) , whilst the phosphate content of the other tube was assayed after phospholipid decomposition (Bartlett, 1959 (Johnson & Nicolau, 1977; Johnson, 1981 (Shinitsky & Barenholz, 1978; Brasitus, 1983) and therefore abrupt deviations from linearity are indicative of phase transitions. In three instances the discontinuities occurred at 20-l°C, whilst in the fourth it was identified at 24°C. These results were therefore useful in confirming the Arrhenius analyses.
Effects of exogenous lipids upon sperm membrane ATPase activity The experiments described above were repeated in the presence of liposomes containing cholesterol and phosphatidylcholine. The liposomes appeared to exert some effect upon the mem¬ brane ATPase activity since the resultant Arrhenius plots no longer showed the characteristic discontinuity at 22-25°C. Liposomes containing cholesterol and distearoyl-or dioleoylphosphatidylcholine caused the discontinuity to shift into the higher temperature range, 29-30°C (Figs 2a, b) , whilst those containing dipalmitoyl-phosphatidylcholine caused not only this effect but also the introduction of another discontinuity at 20°C (Fig. 2c) . The mean ( + s.e.m.) of the new discontinuity (30-1 ± 0-41°C) was significantly higher than that detected in the absence of exogenous lipids (P < 0-001).
Effect ofphospholipase A2 on sperm membrane ATPase activity
In this experiment, enzyme activity after overnight co-incubation with phospholipase A2 was monitored in the presence of: (a) no added ions, (b) 3 mM-MgCl2, (c) 3 mM-MgCl2 + 0-2 mM-CaCl2, (c) 5mM-CaCl2. The results of three replicates were analysed using an analysis of variance, and are summarized in Fig. 3 . Phospholipase treatment had no effect upon the differential activation requirements of the ATPase enzyme studied in this system, the presence of 5 mM-CaCl2 providing most stimulation. However, ATPase activity was consistently 20-30% higher (P < 0005) than the appropriate control values after incubation with phospholipase A2, irrespective of the ionic content of the medium (Fig. 3) .
Fluorescence polarization measurements
Fluorescence polarization readings, obtained at 25°C, for the sperm plasma membrane fraction and for a liposome preparation containing cholesterol :dioleoyl-phosphatidylcholine (molar ratio 1:1) were plotted as a function of optical density (450 nm), to correct for light scattering effects. Linear extrapolations of these plots back to zero optical density gave values of 0-332 for the membrane fraction and 0-335 for the liposome preparation. When the values for DPH in the membrane fraction were plotted as a function of temperature a smooth curvilinear response was obtained (Fig. 4) (1984) concluded that the activation process is caused by small amounts of phospholipid hydrolysis, with the consequent release of lysolipids and free fatty acids. Membrane structure is known to be disrupted by these products of phospholipid hydrolysis (Poole et al, 1970) . Lysolecithin is known to promote plasma membrane and acrosomal membrane disruption in mam¬ malian spermatozoa (Jones, 1976; Fleming & Yanagimachi, 1981) . The phospholipase-induced stimulation of ATPase activity seen in this study is therefore interpreted as being a consequence of membrane-lipid disordering in the vicinity of the enzyme molecules; further studies of this effect may establish that the rate of calcium transport out of the spermatozoon is also lipid dependent.
Membrane ATPase measurements at various temperatures have been widely used for the study of membrane phase transitions (for review, see Kimelberg, 1977) , and there is good reason to believe that integral membrane enzymes of this type are kinetically modified by changes in their lipid environment.
It was not possible to study the effects of temperature upon cytosolic enzymes to strengthen the interpretations made from Arrhenius plots of membrane ATPase activity regarding phase transi¬ tions in membrane lipids, because there is considerable evidence that some cytosolic enzymes also produce discontinuous Arrhenius plots (see, for example, Massey et al, 1966) . These are widely regarded as reflecting changes in protein conformation or phase changes in the environment of the enzyme. Kimelberg (1977) reviewed these arguments in some detail, and concluded that some intramembranous enzymes are fundamentally affected by the physical state of their lipid environment. It is therefore neither possible to support nor refute the validity of the data derived from the ATPase experiments by recourse to cytosolic enzymes. It was, however, this precise point of debate which stimulated the use of DPH as a second, and independent, method of assessing phase transitions in the sperm plasma membrane preparations used here.
The use of fluorescence polarization has been discussed at length by previous authors who generally agree that steady-state polarization determinations using DPH give a good indication of membrane microviscosity. This applies especially to studies of isolated membrane fractions, since the use of whole cells can lead to significant errors through the interaction of the probe with intracellular proteins (Mély-Goubert & Freedman, 1980) . Membrane-lipid phase transitions have been detected by fluorescence polarization in a diversity of cell types, including pig intestinal brush border cells (Ohyashiki, Takeuchi, Kodera & Mohri, 1982) , rat colonie epithelial cell basolateral membranes (Brasitus, 1983) and plant cell membrane lipids (Raison & Wright, 1983) . To our knowledge, however, there has only been one previous application of this technique to the study of sperm plasma membranes but in that instance all measurements were carried out at a constant temperature.
In view of morphological findings that the sperm plasma membrane is organized as a number of distinct domains, each with its own characteristic structure (for reviews, see Friend, 1982; Holt, 1984) would suggest that the enzymically detected phase transitions are probably associated with the sperm tail.
The apparent phase transition detected in the region of 35-38°C is potentially very important, because it is slightly below the normal body temperature in sheep, 39-40°C, but above the normal testicular and epididymal temperature of 32-33°C (Waites & Moule, 1961) . It therefore appears that ejaculation of ram spermatozoa is accompanied by a gel-sol transition in at least part of the plasma membrane. The potential effects of such a change could be far reaching, with increased protein mobility and membrane fusogenicity as two of the more obvious consequences. Effects of this type have been correlated with the preliminary stages of fertilization (Friend, 1980) , and it is attractive to consider that a strategy as simple as raising the environmental temperature of the spermatozoa might act to precipitate these later stages of sperm development. Fleming & Kuehl (1985) A thermotropic phase transition at about 17°C was detected by fluorescence polarization. Although its significance is unclear it may be involved in the deleterious changes which accompany the cooling of spermatozoa for storage. Robertson & Watson (1986) have demonstrated that ram spermatozoa lose their ability to control intracellular calcium content below 18-20°C but this ability is restored upon rewarming, provided the initial cooling was carried out slowly. These findings may indicate that rapid temperature changes through this critical region might be particularly damaging by causing uncontrolled phase separations. There is some parallel here with findings that boar spermatozoa, which are highly susceptible to cooling damage, apparently acquire resistance if held above 15°C for several hours (Pursel et al, 1972a, b) . Watson (1979) proposed that this effect was a membrane 'stabilization', brought about by allowing time for phase changes to occur.
